Finnish lake methane emissions are increasing from current 0.12±0.03 Tg yr -1 to future 17 0.20±0.05 Tg yr -1 18
Abstract 23
Lakes account for about 10% of the boreal landscape and are responsible for approximately 30% 24 of biogenic methane emissions. However, its quantification is still of large uncertainty under 25 changing climate conditions. Finland has the densest lake system in the world with most lakes 26 situated in the boreal zone. This study uses a large observational dataset of lake methane 27 concentrations to constrain its methane emissions with an extant process-based lake 28 biogeochemical model. We found that the total current diffusive emission from Finnish lakes is 29 0.12±0.03 Tg CH4 yr -1 and will increase by 26-59% by the end of this century. We discovered 30 that while warming lake water and sediment temperature played an important role, the climate 31 impact on ice-on periods was a key indicator to the degree of emission increase in the future. We 32 concluded that these boreal lakes remain as a significant methane source under warming climate 33 in this century. 34
Plain Language Summary 35
Lakes are an important component of the boreal landscape. They are responsible for a large 36 amount of biogenic methane emissions in the Arctic region. However, the quantification is still 37 of large uncertainty under a changing climate. Finland has the densest lake system in the world 38 with most lakes situated in the boreal zone. This study simulates the Finnish lake methane 39 emissions using an extant process-based lake biogeochemistry model. The model was 40
constrained by a large observational dataset of lake methane concentrations. We found that the 41 total current diffusive emission from Finnish lakes is 0.12±0.03 Tg CH4 yr -1 and will increase by 42 26-59% by the end of this century. We discovered that while warming lake water and sediment 43 temperature contributed to the increase of methane emissions, the shortening ice-on period was 44
the key indicator to the growth degree in the future. We concluded that these boreal lakes remain 45 as a significant methane source under warming climate in this century. 46
Introduction 47
Atmospheric methane (CH4) is the second major greenhouse gas after carbon dioxide. 48 Although it only contributes to about 20% of the warming effect, its global warming potential is 49 28 times higher than carbon dioxide (Lashof et al., 1990 By using these datasets, our aim is to (1) evaluate methane emissions from the boreal lakes 68
in Finland under climate change during three decadal periods spanning from 1990 to the end of 69 this century using a process-based lake biogeochemical model (Tan et al content, PQ10 is the factor by which the production rate increases with a 10 °C rise in 86 temperature, and Tpr is a reference temperature. Methane can be oxidized after being 87 released into the water and the oxidation rate Voxid is described by 88 67)8 = 9: ; ,-(/0/ >2 )/,-@ A @ A + @ A 9: ; 9: ; + 9: ;
89
where 9: ; is the maximum oxidation potential, OQ10 is the factor by which the 90 oxidation potential increases with a 10 °C rise in temperature, Tor is a reference 91 temperature, @ A and 9: ; and gas concentrations, and @ A and 9: ; are the Michaelis-92
Menten constants. Together, the modeled methane concentration in water columns is 93 calculated by 94 where 9: ; is the diffusivity of methane, and 9: ; is the gas exchange between bubbles 97 and the ambient water. Finally, methane within water is transported to the atmosphere. 98
The diffusive transfer velocity k is defined as 99
100
where U10 is the 10-m wind speed (m s -1 ) and Scm is the Schmidt number of 101 methane. Since we lacked ebullition flux observations and therefore, we were unable to 102 validate the modeled ebullition emissions, we only quantified diffusive emissions in this 103 study. 104
The numerical experiment consists of three steps: (1) the model calibration using 105 observations of diffusive emissions during 1998-1999 from 39 individual lakes; (2) 106 regional simulations of 1990-1999 by applying ALBM to the Ranta10 data product; (3) 107
regional simulations of 2010-2019 and 2090-2099 under the representative concentration 108 pathway (RCP) scenarios of RCP4.5 and RCP8.5. For all the simulations, a spin-up 109 period of two years was run. 110
Data 111
Model forcing data include air temperature, surface pressure, 10-m wind, relative 112 humidity, precipitation, snowfall, downward short-wave radiation and downward long-113 wave radiation. The historical simulation was driven by the climate data retrieved from 114
the European Center for Medium-Range Weather Forecasts (ECMWF) Interim re-115 analysis (ERA-Interim) with a resolution of 0.75°´0.75°, and organized into daily 116 datasets. For future climate scenarios, we used a down-scaled bias-corrected dataset of he 117
Intersectoral Impact Model Intercomparison Project (ISIMIP) output from HadGEM2-ES 118 (Frieler et al., 2017) that is set on a 0.5°´0.5° global grid and is divided into daily time 119 steps. This climate dataset is bias-corrected based on ERA-Interim, which guarantees the 120 consistency of historical and future simulation results. 121
Lakes with area smaller than 100 m 2 were omitted in our simulations due to the 122 large uncertainties in the mapping of these lakes, leaving 210,773 lakes covering 36,690 123 km 2 . In general, the region north of 67 °N has the highest lake density but relatively 124 sparse observations of thermal or carbon dynamics (Figure 1a , 1b). Over 90% of the lakes 125 are smaller than 0.1 km 2 (Figure 1c ), which are not included in the GLWD-3 database. 126
Depth information was lacking for over 90% of the lakes even by combining the Ranta10 127 and the GLWD-3 database. As such, we applied a statistical approach to construct the full 128 lake depth dataset. We first grouped the lakes into 10 bins bounded by areas of 0, 0.01, 129 0.05, 0.1, 0.5, 1, 2, 3, 4, 5, 10, 100, 1500 km 2 , respectively. We then generated a 130 histogram of depths in each group. We randomly assigned the depths following the fitted 131 probability distribution in each group. By following this approach, we aimed to construct 132 (4) lakes profiles that match the diversity of the real lake system in Finland. In terms of lake 133 bathymetry, we assume a linear decrease of the cross-section area with increasing depth. Pighini et al., 2018), we decided to conduct calibration and thus simulations by lake 154 groups. The simulated lakes were firstly divided by the surface area into six groups 155 bounded by 0.05, 0.1, 0.2, 1, 10, 1000 km 2 , respectively and then by the shape factor, 156 defined by √Area/Depth, into two groups bounded by 0.1 and 10, respectively. Thirty-157 nine lakes that represent various depths and shape factors were selected from the 158 observations and used for calibration. 159 We calibrated the model based on the water temperature (eight parameters) and the 160 methane diffusive emission (seven parameters). The descriptions and corresponding 161 ranges of the parameters are listed in Table S1 . Since, the sensitive parameters of the 162 water temperature and the methane diffusive emission simulations were different, the 163 calibration was conducted separately. We first applied a Monte Carlo calibration method 164
for water temperature calibration using 6000 sets of parameters for each lake. parameter space based on the outputs where a predefined metric exceeds the threshold; 4) 173
repeat step 1 to 3 until a certain number of iterations or the desired outcome is achieved. 174
In our study, 1200 PP sets were generated for each round and the metric used was the 175 root-mean-square error (RMSE) defined by 176
177
where OFlux is the observed annual methane flux, SFlux is the simulated, and N is the 178 number of observation sites. Parameter spaces resulting in RMSEs over the 50% of the 179 observations at each site were ruled out at each round, until 3 rounds were finished. 180
Sensitivity and uncertainty analysis 181
For parametric sensitivity analysis, running the model for the whole region over a 182
10-year time period takes about five days, and thus it would be rather time-consuming to 183 run full PPE simulations. Instead, we run short PPE simulations for a single year from 184 1998 to 1999 with 20 PP sets sampled from the remaining parameter space after history 185 matching. It has been proved that the results from short simulations match well to the 186 longer-term simulations (Qian et al., 2016) , especially when methane emission response 187 (5) to air temperature is a relatively well-defined process ( 
204
Note that the uncertainty range can be wider using the history matching approach 205 than using the Bayesian method, which is expected because the former focuses on 206 confining the output whereas the latter on confining the input, i.e. the parameters 207 themselves. Therefore, the PPE by the latter would be more representative of the 208 parameter distributions and thus results in smaller uncertainties. 209
Annual methane emission estimation 210
Simulations indicated that the methane emissions from Finnish lakes were 0.12±0.03 211
Tg CH4 yr -1 in the 1990s. There was only 4% and 6% increase during period 1990~2019 212 under RCP4.5 and RCP8.5, respectively (Figure 3) other lakes, which may underrepresent the variation; 2) Based on several Siberian thaw 219 lakes, an ice-free period of 120 days was assumed in the calculation for all lakes, leading 220
to underestimation in warmer regions, for example, the mean ice-off periods in Finland is 221 about 170 days. Another reason that their estimation may be conservative is the 222 assumption that the total lake area in the GLWD is underestimated by 50%, whereas our 223 mapping indicates that the actual underestimation is 78% in the boreal region. If 224 accounting for this mapping bias, we estimated the diffusive emission to be 8. 38±2 
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We estimated that the Finnish lake diffusive methane emissions will increase by 230 25 Therefore, the amount of extra increase is likely due to the enhanced ebullition processes. 238
Based on the analysis of 297 lakes worldwide, Sanches et al., (2019) found that 239 considering only diffusive emissions would cause an average underestimation of 277%. 240 By taking into account also the ebullition emissions, the current annual methane emission 241 for all northern lakes would be 31. 59±9 used the GLWD-3 map for lakes north of 60 °N. 252
Spatial features of methane emissions and causes 253
Apart from the temporal trend, we also looked into the spatial features. Methane emission 254 hotspots generally match with the areas that are dense with small lakes (Figure1a, Figure  255 S2a-d). This was also found in previous studies (Bastviken et al., 2004; Del Sontro et al., 256 2016; Saarnio et al., 2008; Wik et al., 2013) . This spatial variability be explained by: 1) 257 methane can be oxidized along the of diffusive transportation, and thus deeper lakes 258 usually mean more loss by oxidation and 2) it was found that smaller lakes are more 259 likely to have abundant organic substrates in their sediments, and thus they are potentially 260 more productive for methane. 261
We also found differences between the southern and the northern part of Finland. Firstly, 262
the south has larger methane emissions under all the scenarios, which is intuitive because 263 it's warmer. However, the south also experiences more severe increase of emissions than 264 the north ( Figure S2e) . Some lakes in the south can increase by 200% in their emissions 265 while the increase in the north is much less severe. Here we define the south and north by 266 manually drawing a line at latitude 67.5 °N, which also happens to be the latitude that 267 divides Finland into air temperature above and below 0 °C in the 2010s. 268 We suspected that this difference in the degree of emission increase was caused by the 269 fact that the south warming faster than the north. However, it turned out that both parts 270
are warming by about the same 4 °C by the end of this century ( Figure S2 ), and the water 271 temperature in the north is even warming a little bit faster than the south (Table S2) . 272 Therefore, the absolute increase of air temperature itself cannot explain the difference. 273 Instead, we found that it is actually the ice condition that makes a difference. By the same 274 degree of warming, the mean ice-on days in the north decrease much slower than the 275 south (Table S3 ). Methane fluxes can be blocked by ice covers and then oxidized in the 276
water columns during ice-on seasons. Therefore, a large amount of methane trapped by 277 ice covers presently could be emitted into the atmosphere in the future. Generally, ice 278 covers of lakes in the north are thicker and thus would take higher warming to melt 279 before methane can be released in winter. 280 281 282 The influence of ice-on days is also reflected in the seasonality of lake methane emissions 286 (Figure 4 ). If we only look at the ice-off seasons, it's all the same pattern in both regions, 287 that higher emission during warmer months under warmer scenarios. However, it's really 288 the ice-on season that explains the difference. From December to April, we hardly see 289
any emission in the 1990s, but we expect much higher emissions in the future for the 290 period due to warming. Such shift may not be initiated in the north within this century 291 and therefore, the increase of lake methane emissions in the north is much less severe. 292
Uncertainty quantification 293
Our model simulations did not consider the impacts of DOC dynamics on the lake 294 emissions. involve several processes. More nutrients will be available for microbes and primary 302 producers. However, the turbidity will weaken photosynthesis that causes methane 303 oxidation. The model will need to be improved to predict the effect of lake browning. So 304 far, no study has included this effect when estimating future methane emissions. 305
We assumed a constant landscape in our simulations that no lake expansion or 306 drainage was considered until 2100. This is because boreal lakes in Finland are not 307 formed over permafrost and thus not affected by the active response of thawing and 308 ground water penetration processes in responding to climate as thermokarst lakes. Wik et 309 al., (2016) predicted that with 20-day increase of ice periods, even the total lake area 310 decreases by 30%, the total methane emission can still grow by 20% which is 10% less 311 than assuming constant lake area. Therefore, we will still expect the boreal lake methane 312 emissions will be affected by considering the lake area changes. Incorporating lake areal 313 dynamics into future quantification is necessary. 314
Conclusions 315
Lakes are an important component of arctic and subarctic landscape. Our process-based 316 lake biogeochemistry model simulation reveals that diffusive methane emissions from boreal 317 lakes in Finland amount to 0.12±0.03 Tg CH4 yr -1 during the 1990s and will increase by 25.8% to 318 58.9% by the end of the 21st century depending on the warming scenario. The driving factors are 319 two-fold. We found that higher air temperature will lead to higher lake water temperature and 320 thus more active methanogenesis. Warming also results in shorter ice-on periods, leading to 321 longer emission days. The ice-free days are a more dominant factor than the lake temperature 322 change impacts. If extrapolating the ratio of diffusion to ebullition emissions to the region, we 323 estimated the annual regional lake emissions are 31. 59±9 
